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Chapter 1. General Approach of the Thesis 
This Thesis is not conceived as an isolated work, but within the scientific production and the 
training capability that the Research Group TEP-192 from the University of Huelva has. This 
Thesis is part of the set of Theses that are being carried out simultaneously and that seek to solve 
the problem of Configuration and management of a smart renewable micro-grid hybridized with 
hydrogen technology; name and objective of the R&D project DPI2017-85540-R1 that partially 
finances this Thesis. 
Within the tasks of the research project mentioned above, this thesis aims to implement an 
energy management strategy based on the use of predictive control techniques, which optimizes 
the short- and long-term response of a renewable sources-based smart grid with hydrogen as 
backup. Hybridization for this case consists of the use of several renewable energy sources, solar 
and wind, connected to a common bus supported by a battery bank. Considering the use of 
hydrogen as an energy vector, it makes use of systems for the production and storage of hydrogen, 
and its subsequent conversion to electrical energy using electrolyzer, hydrogen storage tanks and 
fuel cell respectively. 
In Article 1, there are studied all the topologies and typical configurations of this type of 
smart grids, the main problems associated with the use of renewable generation sources, as well 
as the use of storage technologies based on batteries and hydrogen as an energy vector. To solve 
the different problems in the management of the different devices, different technical and 
economic proposals are analysed, which largely determine the optimization of the system 
management. Based on the previous study, the Article 1 presents a detailed review and a critical 
analysis of the different management strategies proposed in the scientific literature, for smart grids 
with similar topology to the one studied in this thesis. In this sense, it is hard to find solutions that 
allow the technical and economic optimization of the system both in the short and in the long 
term. Therefore, it involve that there is a niche of improvements and new proposal in terms of 
system optimization. 
Based on the main problems and technical and economic solutions studied in Article 1, it is 
necessary to test the system in order to solve the main deficiencies and needs found in the 
proposals analyzed in the scientific literature. 
Due to the high economic and temporal cost required to test the behavior of these type of 
system, it is necessary to have a software tool that simulates its behavior in the short and long 
term, so that the results can be analyzed and allow to determine the relationships between 
operation criteria and equipment management and the response of the entire system in terms of 
                                                          
1 R&D Project founded by the Spanish Government, RETOS programme.  
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performance, degradation, economical cost and quality of the electrical power supply. 
To this end, and in the absence of flexible software solutions in the scientific literature, in 
Article 2 a powerful software tool developed in the Matlab Simulink® environment is presented, 
from which any system topology to be evaluated can be modelled, and in which different design 
criteria can be defined in the operation of the system, such as priorities in the performance of the 
equipment, grid connection, power constraints of the equipment, etc. Similarly, associated with 
each element of the system, different technical and economic parameters related to its operation 
are defined, such as cycles and operating times, accumulated degradation, operation and 
maintenance costs, hydrogen produced and/or consumed system performance, etc. 
The analysis of the simulation results obtained will allow defining certain actions on the 
system, in such a way as to increase the performance of the system from a technical and economic 
point of view. These lines of action will allow defining the design criteria of the energy 
management strategy of the system, being therefore key for the definition of the predictive 
controller proposed in Article 5. 
In response to the need to optimize the response of the management system, equipment 
degradation is a fundamental parameter in the of long-term technical and economic criteria 
optimization. To that end, Article 3 presents a novel system for individual cell detection for open-
air-cooled cathode fuel cell stacks. This patented design allows to quantify the voltage degradation 
for each cell, as well as to identify the degradation ratios linked to the conditions of use, 
quantifying the individual degradation of the cell with respect to the current and operating 
temperature. 
The use of the proposed system allows to know the degradation of the fuel cell stack with 
respect to the initial state, providing relevant information on the real state of the system in order 
to the controller acts accordingly. 
To face the task of design and subsequent experimental implementation of the management 
strategy, it is necessary to have a model of the smart grid that serves as a background for the 
subsequent development of the predictive controller. In this sense, in Article 4 it is developed the 
non-linear state-space model of the smart grid consisting of renewable generation sources, energy 
storage systems, electrical grid input and load profile. To do it, a series of tests is carried out to 
characterize the dynamic behaviour of each device, as well as to obtain those mathematical 
expressions that allow, through an experimental identification process, to model the non-
linearities of each equipment. Finally, the generalist model of the smart grid is linearized around 
different working points, in such a way that it is possible to obtain a Lineal Time Variant (LTV) 
model that allows considering the behaviour of the system throughout all its operating range. 
Next, based on the proposed system state-space model, in Article 5 the theoretical study and 
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design of the proposed predictive controller for the implementation of the proposed energy 
management strategy is carried out. In this sense, the proposed management strategy determines 
the priority in the use of the equipment, the energy distribution between the different energy 
storage systems, the role of the electrical grid, as well as considerations in the operation of the 
different equipment that make up the smart grid system. In such a way that a safe and efficient 
operation of each of device is guaranteed. In order to guarantee the generality of the proposed 
controller, a methodology for calculating the main parameters of the predictive controller, 
prediction and control horizon, system references and weighting factors for the tracking problem 
and control variation defined by the cost function of the system, is presented. 
Finally, it is proceeded to the physical implementation of the energy management strategy 
on the real smart grid. For this purpose, the design and development of the control, monitoring, 
visualization and power electronics, necessary for the correct management and interconnection 
of all the equipment to the smart grid is presented. 
The experimental tests carried out on the real smart grid have allowed validating the design 
of the predictive controller and the proposed energy management strategy, on real renewable 
sources-based smart grid with the use of hydrogen as an energy carrier. 
1.1. Summary of the Thesis 
This Thesis is organized in seven Chapters according to the following order:  
Chapter 1 deals with the General Approach of the Thesis, in which there is a description of 
the structure of the Thesis and a brief summary of each of the Chapters that integrate it, focusing 
on the main contributions. In addition, an analysis of the scientific contribution that has been 
produced by the completion of this Thesis is carried out. 
Chapter 2, Objectives and Methodology, the individual objectives necessary to achieve the 
main objective of the thesis are presented, the design and implementation of a control system 
capable of managing energy based on technical and economic optimization criteria, both in the 
short and long term. According to the structure of the thesis, each of the scientific contributions 
included in Chapter 4, has the purpose of responding to each of the objectives set. 
Finally, the working methodology used to achieve each and every one of the proposed 
objectives is presented. 
In Chapter 3, Materials, the proposed micro grid architecture and the control, monitoring 
and power electronics developed for the correct integration of the equipment into the smart grid 
according to the selected topology are detailed. 
Considering the power electronics developed, this section details the design of the power 
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converters and control algorithm used for the integration of renewable generation based on solar 
and hydrogen resources. It should be noted that boost converters have been developed with an 
MPPT algorithm to maximise the solar resource; as well as an isolated push-pull topology 
converter with power control based on discrete PID, with the aim of integrating the fuel cell 
subsystem into the smart grid. 
In response to the monitoring and control electronics, all the electronics have been 
specifically designed to measure the main electrical parameters of each device.  
In this sense, it has been designed and developed an electronic hardware to control and 
manage the balance of plant (BoP) of the fuel cell in order to guarantee the hydrogen supply, the 
hydrogen purges, the fuel cell thermal control and electrical insulation. 
In the same way, it has been developed an electronic specially designed for individual cells 
voltage monitoring in the case of the fuel cell. This electronics allows to evaluate, detect and 
quantify the degradation associated to each of the cells depending on the polarization point, 
allowing having real data to update the different degradation parameters used in the model of the 
plant, as well as to detect any malfunction in any cell, which may negatively affect the operation 
of the entire stack. 
Attending to the visualization and control solutions, a control and monitoring software 
(SCADA) has been developed, from which the individual control of each subsystem is allowed, 
as well as the detection of any problem associated with the operation of the smart grid. 
In Chapter 4, Results & Methods, the set of scientific contributions that support this thesis is 
presented. In this sense, five scientific articles published in journals of high impact index are 
presented, as well as different contributions to international congress, referents of the renewable 
energy and hydrogen sector. 
In the Chapter 5, General Conclusions, the most relevant conclusions obtained from this 
Thesis are discussed, and the research lines that have been opened by the developed work are 
framed, in addition to proposing strategies and actions in this sense. 
Finally, Chapter 6, Other scientific contributions, a set of scientific contributions are 
presented in which the doctoral student has actively participated as co-author during the 
completion of the doctoral thesis. This compendium of works includes a series of research articles 
published in high impact index journals, as well as contributions to the main international 
congress of the renewable energies and hydrogen sector. These contributions complement the 
research activity of the doctoral student, and therefore are included in the set of contributions that 
support this thesis. 
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1.2. Innovations Provided by the Thesis 
In this section, each of the Chapters that make up this Thesis are covered, highlighting the 
novel contributions that each Chapter adds with respect to the state of the art reviewed before, 
addressing the different tasks that make up each Article. 
In the first instance, Article 1 presents an extensive scientific review that allows any 
technologist or researcher to identify the main characteristics of this type of smart grid and the 
different solutions in the field of energy management. For this, Article 1 analyses the main 
technical and economic problems associated with the operation of this type of systems, as well as 
the most widespread solutions in terms of optimization. An extensive review and critical analysis 
of the main works in the field of energy management in this type of systems allows 
contextualizing the reader in the state of technique and management algorithms used, allowing to 
identify niches of improvement. 
In order to respond to the deficiencies found in the scientific literature, and identify the 
cause-effect relationships that the operation of a particular type of equipment may cause on the 
main technical and economic parameters of the system, in Article 2 a simulator has been 
developed. The use of this software solution allows to know the general functioning of the smart 
grid, taking into account all the restrictions imposed by the particularities in the use of each device 
related to the energy storage system, hydrogen and battery based systems, and the energy 
interactions between the hybrid system and the main grid. In this regard, it is worth mentioning: 
1) the definition of a charging protocol to ensure a safe and efficient charging protocol of the 
batteries, 2) to establish minimum working power and restrictions in the variation of the working 
point for the hydrogen-based energy storage system, and 3) the definition of priorities about what 
subsystem must to act firstly in case of energy deficit and energy excess situation. 
The definition of the present criteria will mark the design guidelines of the energy 
management strategy and therefore the predictive controller proposed in Article 5. 
Attending to the optimization of the hydrogen-based storage system, and particularly the use 
of fuel cells, the detection, correction and mitigation of the occurrence of degradation associated 
with the start and stop cycles, as well as operating time, is crucial. The degradation parameter 
must be a fundamental point in the technical and economic criteria optimization of this type of 
equipment, known its reduced useful lifetime and high cost. For the detection of voltage and 
power degradation of the fuel cell, a patented electronic device specially designed for the 
application is presented in Article 3. 
The use of this system allows to know in real time the voltage degradation of each of the 
cells that make up the fuel cell stack, and to identify if any of them suffer a high deterioration, 
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which can undermine the performance of the whole system. Based on this information, the control 
system that implements the energy management strategy will allow for a more conservative use 
of the fuel cell if necessary, increasing the lifetime of the hydrogen-based system, while reducing 
the costs associated with equipment maintenance and renovation. 
In order to be able to study the system and define the proposed energy management strategy, 
in Article 4 a generalist mathematical model of the smart grid is presented, based on the use of 
recursive linearization. This allows us to model the behaviour of the system throughout all its 
operating range, thus increasing the quality of the prediction of the trajectory of the system in the 
operation of the predictive controller, unlike most solutions based on a linear model around a 
single operating point. 
The proposed model includes all the technical and economic parameters to define the multi-
objective function that will determine the cost function of the optimization problem of the 
proposed predictive controller. Thanks to the inclusion of these parameters, the evaluation of the 
temporary response of the system is allowed, so that the accumulated degradation of the system 
can be quantified, and therefore, corrective actions for the optimization can be established 
throughout the useful life of the system. 
Based on the control proposed in Article 5, the novelty lies in the design of a tuning 
methodology for the controller parameters, based on the generalist model proposed in Article 4 
and the design criteria defined in Article 2. 
Unlike most of the scientific works reviewed, based on particular solutions depending on the 
topology and application of the system, to guarantee the generality of the controller, rules are 
defined for the tuning process. In such a way, it is allowed in the first instance to guarantee the 
closed loop stability of the system, as well how to correctly implement the energy management 
strategy based on the technical and economic optimization of the system both in the short and 
long term for any type of system. 
For this, a careful study has been carried out with the aim to discern the relationships between 
the variations of the different parameters that define the controller, and the closed loop response 
of the plant-controller system in the short and long term. In this sense, a series of mathematical 
proposals based on fuzzy control and potential expressions obtained from the previous study are 
presented, which allow defining an adaptive controller whose function is to adapt the value of the 
weighting factor of the system based on the current situation and the past history of the system. 
Finally, Article 5 presents the experimental implementation of the predictive control 
algorithm and therefore of the energy management strategy proposed on the real smart grid; as 
well as all the development of control, monitoring, visualization and power electronic required 
for the correct integration of all equipment in a topology based on a DC bus with direct battery 
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connection. 
In this sense, unlike most works found in the scientific literature based mainly on simulation 
or small pilot plants, this Thesis validates the use of the proposed controller on a medium size 
smart grid, with a the power range of domestic consumption and small businesses.  
In view of the above, the technical feasibility of using predictive control techniques in 
complex applications, such as the control of renewable generation systems with hydrogen as an 
energy vector is demonstrated. 
1.3. Scientific Contribution of the Thesis 
This section is dedicated to highlighting the scientific environment in which the Thesis has 
been developed and the results of each experiment carried out. For this purpose, relevant 
publications in indexed international journals will be detailed, as well as the national and 
international congresses in which the developed works have been disseminated. Moreover, within 
the scientific environment of the Thesis, the Research Projects, which have made possible the 
Thesis, will be emphasized. In short, the main objective of this section is to show that the memory, 
which is presented, constitutes the ordered and stitched the summary of a scientific production 
carried out during 4 years. 
1.3.1. Scientific Projects that Fund the Thesis  
1. Title: Configuration and management of an smart renewable hybridized micro-grid 
hybridized with hydrogen technology (DPI2017-85540-R) 
Type of Project: Spanish R&D&i Plan, Ministry of Economy and Competitiveness 
Cost total of the Project/contract: 196.000 € 
Main researcher: J. M. Andújar  
Period: 01/01/2018-31/12/2020 
2. Title: Extension of the Laboratory of Autonomous Hybrid Systems of Renewable Energy 
(UNHU15-CE-3264) 
Type of Project: Call for European scientific infrastructure, Ministry of Economy and 
Competitiveness 
Cost total of the Project/contract: 442.318 € 
Main researcher: J. M. Andújar  
Period: 01/01/2016-31/12/2017 
3. Title: Design, development and manufacturing of a modular polymer electrolyte fuel cell: 
instrumentation and control, online monitoring, study of deterioration effects (DPI2013- 
43870-R) 
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Type of Project: Spanish R&D&i Plan, Ministry of Economy and Competitiveness 
Cost total of the Project/contract: 163.350 € 
Main researcher: J. M. Andújar  
Period: 01/01/2014-31/12/2016 
1.3.2. Scientific Production (Publications in Journals and Congresses) 
Article 1. A review of Energy Management Strategies for Renewable Hybrid Energy Systems with 
Hydrogen Backup 
Title: A review of Energy Management Strategies for Renewable Hybrid Energy Systems with 
Hydrogen Backup 
Authors: F.J. Vivas, A. De las Heras, F. Segura, J.M. Andújar 
Journal: Renewable and Sustainable Energy Reviews 
Reference: Vol. 81, pp. 126-155 
Year: 2018  
Quality index: Journal included in JCR, position 7/97 in the category of “Energy & Fuels,       
IF (2017): 9.184   
Number of citations: 55 
In this Article, a detailed study is made of the main problems and technical and economic 
solutions associated with the use of renewable generation systems with hydrogen as an energy 
vector; as well as a comparative study between the different solutions and algorithms proposed 
that are currently used in the scientific literature. 
The present analytical and review study allows any technician or researcher to know the 
current state of the technique, as well as to know the operation and the main parameters to take 
into account in the design and management of renewable generation systems based on hydrogen 
as an energy vector. 
Given the aforementioned situation, the Chapter has been written based on an exhaustive 
bibliographic research, since more than 250 references have been consulted, of which 138 have 
been included as bibliography.  
Article 2. H2RES2 simulator. A new solution for hydrogen hybridization with renewable energy 
sources-based systems 
Title: H2RES2 simulator. A new solution for hydrogen hybridization with renewable energy 
sources-based system 
Authors: F.J. Vivas, A. De las Heras, F. Segura, J.M. Andújar 
Journal: International Journal of Hydrogen Energy 
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Reference: Vol. 42, pp. 13510-13531 
Year: 2017 
Quality index: Journal included in JCR, position 24/97 in the category of “Energy & 
Fuels, IF (2017): 4.229   
Number of citations: 8 
This article presents a software tool for the simulation of renewable energy systems with 
hydrogen as an energy vector.  
The flexibility in the selection of the operating conditions of each equipment, as well as 
the definition of the proposed energy management strategy, differ from the rest of the solutions 
studied in the scientific literature. 
The simulator considers all the technical parameters necessary for the optimization of this 
type of systems. Among them, cycles and time of use of equipment, associated degradation, 
production and consumption of hydrogen, quality of electricity supply, operation and maintenance 
costs, as well as the cost associated with the purchase/sale of grid energy. 
Based on the foregoing, the proposed software tool allows the evaluation of the main 
technical and economic parameters resulting from the operating conditions and the proposed 
energy management strategy, both in the short and long term. 
The use of this powerful tool will allow, based on the micro grid topology under study, as 
well as the minute, hourly, daily and annual renewable generation and consumption profiles, to 
analyze and determine those design criteria, see operating margins, power constraints and priority 
in the use of systems, in the operation of each of the equipment that make up the energy storage 
system, as well as the role of the grid within the system. 
Related with Article 2, the following contributions are presented: 
Title: Configuration of a Fuel Cell system. Clues to choose between a modular or single stack-
based design 
Authors: F.J. Vivas, A. De las Heras, F. Segura, J.M. Andújar 
Event: 42nd Annual Conference of IEEE Industrial Electronics Society (IECON2016) 
Publication: Proceedings book. Vol. 1, pp. 5466-5472. 
ISBN: 978-1-5090-3474-1 
Date: The 24th-27th of October of 2016. Florence (Italy). 
Title: A new simulator for hybrid renewable generation systems. A new solution for technological 
and economic analysis and energy/hydrogen management strategies 
Authors: F.J. Vivas, A. De las Heras, F. Segura, J.M. Andújar 
Event: 21st World Hydrogen Energy Conference (WHEC 2016) 
Publication: Proceedings book. Vol. 1, pp. 114-115. 
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ISSN: 9781510838352 
Date: The 13th-16th of June of 2016. Zaragoza (Spain). 
 
Title: Optimal energy management strategy of a hybrid renewable energy system with hydrogen 
generation and storage 
Authors: F.J. Vivas, A. De las Heras, F. Segura, J.M. Andújar 
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Article 3. Cell voltage monitoring All-in-One. A new low cost solution to perform degradation 
analysis on air cooled polymer electrolyte fuel cells 
This article presents a novel solution for degradation studies in air-cooled open cathode 
PEM type fuel cells. 
The proposed system implements a low cost technical solution that allows individual cell 
monitoring of a fuel cell stack up to 100 cells, meeting all the precision and bandwidth 
requirements recommended for this type of application. 
The use of this new system will allow real-time monitoring of the degradation of the stack 
according to its operating conditions, voltage, current and working temperature, so that the current 
state of the equipment is available in terms of degradation, performance and associated power 
loss. 
These system parameters will be included in the system model, presented in Article 4, and 
therefore represent inputs of the main controller, keys for the definition of those decisions that 
determine the long-term optimization of the system, according to the tuning parameters of the 
model predictive controller, presented in Article 5. 
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Associated with Article 3, the following contributions are presented: 
Title: Cell voltage monitoring all in one. A new low cost solution for degradation analysis on 
polymer electrolyte fuel cells 
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Publication: Proceedings book. Vol. 1, pp. 33-34. 
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Article 4. A suitable space-state model for renewable sources-based microgrids with hydrogen 
as backup for the design of energy management systems 
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backup for the design of energy management systems. 
Authors: F.J. Vivas, J.J. Caparrós, F. Segura, J.M. Andújar 
Journal: IEEE Access 
Year: 2019 
Quality index: Journal included in JCR, position 24/97 in the category of “Energy & 
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The objective of this Article is to define a discrete general model in the state space form that 
can be used for any management system in any renewable micro-grid based on hydrogen as an 
energy carrier. In our case in particular, this model will be the key piece in the design of the 
predictive controller presented in Article 5. 
The intrinsic novelty of this Article lies in the versatility and potential of the proposed model, 
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which allows the representation of all the technical and economic parameters necessary for the 
optimization of the renewable generation system both in the short and long term. For the definition 
of the model, a recursive linearization process was used, defining a Lineal Time Variant (LTV) 
model, which allows to increase the quality of the model with respect to the traditional 
linearization solutions around a single operating point, considering the behaviour of the smart 
grid in all its range of operation. The inclusion of all the parameters in the model allowed the 
possibility to define multi-objective optimization problems from the general formulation of the 
predictive control theory. 
Article 5. General MPC controller to develop energy management systems in renewable sources-
based smart microgrids with hydrogen as backup. Theoretical foundation and case study 
Title: General MPC controller to develop energy management systems in renewable sources-
based smart microgrids with hydrogen as backup. Theoretical foundation and case study 
Authors: F.J. Vivas, J.J. Caparrós, F. Segura, J.M. Andújar 
Journal: Applied Energy 
Reference:  
Year: 2019 
Quality index: Journal included in JCR, position 24/97 in the category of “Energy & 
Fuels, IF (2017): 4.229   
  
Article 5 presents the central core of the Thesis, and is dedicated to the design and validation 
of the MPC controller that performs the energy management strategy based on predictive control. 
The novelty of this Article lies in the methodology used in the design of the controller, which 
is based on determining the optimal values of the main controller parameters, taking into account 
the closed loop stability of the system, the considerations imposed by the energy management 
strategy proposal and optimization of the system in the short and long term. Although the tuning 
process of the controller parameters depends largely on the plant, in this Article a general 
methodology is developed based on the model proposed in Article 4 and the design considerations 
obtained thanks to studies carried out using the software tool presented in Article 2. The 
implementation of this methodology will allow adapting the proposed controller to any smart grid 
topology simply by modifying the desired parameters of the plant model. 
Finally, in this Article we analyse the behaviour of the proposed controller and energy 
management strategy on the real system, based on a series of previously designed empirical tests 
that allowed the validation of the control methodology established. 
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Chapter 2. Objectives and Methodology 
2.1 Objectives 
The main objective of this thesis is the design and implementation of a distributed control 
system, which allows implementing an energy management strategy on an experimental 
renewable energy micro grid with the use of hydrogen as an energy vector. This management 
strategy must optimize the response of the system both in the short and long term, taking into 
account at all times the physical and operational restrictions necessary to operate the system safely 
and efficiently, while ensuring optimum operation of the system from the technical and economic 
point of view. 
In order to reach the main goal of the Thesis, a series of specific objectives have been 
defined, which are described below: 
 Objective I: Identification of technical and economic considerations in the control 
and management of renewable energy system with hydrogen as energy vector 
Identification of technical and economic parameters in the operation of the equipment, 
operating criteria, safe operating margins, operation and maintenance costs, etc. Identification of 
niches for improvement regarding solutions proposed in the review of the state of the art. 
 Objective II: Design of the energy management strategy 
Definition of the energy management strategy according to the technical and economic 
criteria studied, depending on the topology and final application of the generation system. 
Establishment of priorities for action against the energy situation of the system, criteria for 
energy distribution, definition of working powers for hydrogen equipment, criteria for charging 
and discharging of batteries, role of the main grid, etc. 
 Objective III: System modelling 
Obtaining the general system model in the state space representation. 
This model provides the knowledge base necessary for the implementation of model-based 
control techniques (MPC). The objective model must provide all the necessary and sufficient 
information related to the behavior of the system, and therefore allow to define a multiobjective 
optimization problem to be raised, whose solution will optimize the response of the system 
according to the controller design criteria, both in the short and the long term. 
 Objective IV: Design, implementation and testing of the predictive controller  
Theoretical development of the MPC controller proposed in accordance with the model in 
the state space representation, presented in Article 4. 
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Implementation of the general cost function of the system, which will include all the 
technical and economic parameters, posing a multi-objective optimization problem according to 
the system's operating set-points. Generalist tuning proposal for predictive controller parameters. 
Validation of controller behavior and proposed energy management strategy on simulation. 
 Objective V: Physical implementation of the micro grid 
Developed and validated on simulations the proposed controller and the energy 
management strategy, the next step is related to the experimental validation. 
For the physical implementation of the micro grid, design and implementation tasks are 
required from the lowest level, that is, design and implementation of the electrical scheme, 
electrical protections, power electronics, acquisition systems, communication protocols, etc. 
 Objective VI: Experimental validation of the proposed management strategy and 
MPC controller 
Implementation, testing and validation of the MPC controller and the proposed energy 
management strategy in the experimental micro grid. The system will be validated in energy 
excess and deficit situations, based on certain system constraints and assuming different 
conditions of accumulated degradation of the system. 
2.2 Methodology 
In order to achieve the specific objectives defined in the previous section, a working 
methodology is defined, which is based, and will be implemented later in the different scientific 
contributions presented in Chapter 4. 
The proposed methodology is established in accordance with the specific objectives of the 
Thesis defined in the previous section. 
 Objective I: Identification of technical and economic considerations in the control 
and management of renewable energy system with hydrogen as energy vector 
In the first instances, it was developed an extended review of the main topologies and 
configurations of hybrid renewable smart grids with the use of hydrogen as an energy carrier. 
From them, it was studied the main characteristics, advantages and disadvantages of the 
configurations according to the grid connection and the nature of the internal bus connection. 
Next, all the technical and economic problems associated with the use of the renewable 
energy micro-grid, more specifically in the use of energy storage systems, were analysed in detail. 
Likewise, a review was made of the main technical solutions found in the scientific literature. 
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Finally, an exhaustive and critical study of the different energy management strategies 
solutions proposed in the scientific literature was presented, according to the topology, 
configuration, optimization and decision parameters, adopted solutions, purpose of the strategy, 
as well as control algorithms employees to implement the management strategy. From the 
previous study, it was determined that the multi-objective strategies present a small but growing 
number of solutions. 
 Objective II: Design of the energy management strategy 
System optimization begins with an exhaustive analysis of the main problems associated 
with the operation of each of the systems that make up the smart grid, emphasizing the operating 
conditions of the energy storage system based on batteries and hydrogen as an energy carrier. 
From the previous analysis, a management solution was proposed with the aim of ensuring 
an efficient and responsible use of the system, in such a way that it is possible to guarantee the 
maximization of the useful lifetime, keeping commitments of cost, energy use and operation 
degradation. In this regard, it is worth mentioning the need to define a battery charging and 
discharging strategy, definition of the operation point and dynamics in the operation of the 
hydrogen-based energy storage system, as well as, criteria associated with the quality of the 
electricity supply, taking into account the energy dependence between the generation system and 
the electrical grid. 
To do this, a study was made based on a proposed simulation tool, an expected load profile, 
and a historical of the renewable resources of the micro-grid location, evaluated during a year of 
operation. The results obtained allowed to define the operation points that optimize the long-term 
response of the system, which will be the references for the design of the predictive controller, 
responsible for implementing the energy management strategy. 
The economic optimization of the system was evaluated based on the study of the cost 
problem proposed by the grid-connection topology, which determines an economic optimization 
problem based on the energy market price and the energy flows between systems. 
Finally, the management strategy of the system was presented based on the situations of 
deficit and excess of energy, determining the criteria of priorities and energy distribution between 
the different elements that make up the energy storage system and the electrical grid, in 
accordance with the application in question. 
 Objective III: System modelling 
In this Objective all the modelling of the plant was done in the state space representation, 
based on the optimization parameters determined by the energy management strategy proposed 
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in Objective II, both in the short and long term. Among them, operating performance, operating 
cost, battery charging management, equipment degradation and power supply quality. 
The definition of the proposed model was aimed at calculating the optimization parameters 
of the system based on the operating set-point of each equipment, so that the optimization of the 
system was determined at all times by the calculation of the optimal operating power. 
The modelling of the smart grid was based on an identification process of the plant and a 
multivariable linearization process, which allows defining an LTV model that guarantees a linear 
relationship between the state variables and the input vector, throughout its operating range 
despite the nonlinearities present in the behaviour of the plant. 
The proposed model allows generalization to any renewable generation system, regardless 
of the main generation system, battery technology or hydrogen generation and consumption 
system. 
• Objective IV: Design, implementation and testing of the predictive controller 
In the first instances, it was presented all the general mathematical foundation for the 
development of the constrained predictive control based on the state-space formulation, 
characterized in this case for the cost function and constraints that define the multi-objective 
optimization problem associated with the application in question. 
In this particular case, the optimization problem is based on the minimization of a multi-
objective function proposed by a tracking problem based on the achievement of a zero power 
balance, which defines a constrained quadratic programming problem. 
In order to design a controller that includes all the energy management design criteria 
related to Objective II analysis, and taking into account the generalist model result of Objective 
III, a formal methodology for tuning the controller parameters was presented. It is based on the 
definition of the objectives of the smart grid; closed loop stability, operating prioritization, energy 
distribution of the energy storage system and minimum input from the electrical grid, as well as 
the desired dynamics of the plant. In particular, a practical case based on simulation demonstrate 
that both the tuning guidelines and the proposed controller are feasible for the real implementation 
if the smart grid. 
Finally, from different simulations, the closed loop stability and the correct behaviour of 
the system for the proposed constrained optimization problem, both in the short and long term, 
were studied and validated.  
 Objective V: Physical implementation of the micro grid 
To reach this objective, it was necessary to develop all the necessary power, control and 
data acquisition electronics. In this regard, highlight the design of power converters for the 
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integration of solar panels and the modular fuel cell system. Similarly, it is important to highlight 
the design and implementation of a cell voltage detection system to determine the instantaneous 
degradation of the fuel cell stack with respect to the current operating point. 
Finally, it was necessary to implement a user interface capable of developing the 
communication, control and management tasks of the micro grid. In this sense, different virtual 
instruments were developed in the LabVIEW® environment. 
The different hardware and software developments designed specifically for this thesis are 
presented in more detail in section 3. 
 Objective VI: Experimental validation of the proposed management strategy and 
MPC controller 
Finally, the experimental results obtained from the implementation of the proposed energy 
management strategy were presented, through the use of predictive control over the real plant, 
determining a good behaviour in the closed loop response of the system, and therefore validating 
the design of the controller and the viability of the use of predictive control techniques in smart 
grids with renewable generation and the use of hydrogen as energy vector. 
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Chapter 3. Materials 
3.1. Description of the renewable sources-based smart grid with hydrogen as backup 
The conception of the smart grid is based on the production of energy entirely obtained 
from renewable resources, which guarantees the production and storage of energy at zero cost in 
terms of CO2 production. 
Considering the topology of the smart grid under study, this allows bidirectional power 
flow between the electrical grid and the smart grid, so that it is possible to inject power towards 
and from the electrical grid. All this allows the economic factor to be a very important parameter 
in the energy management problem. 
Considering the integration method, all the generation and consumption systems are 
connected to the internal DC bus, supported by the direct connection of the battery bank. 
The main generation of the system is given at all times by renewable resources produced 
from the solar radiation, which allows the production of energy during the hours of greatest 
electrical demand. 
To guarantee the power balance at all times, there are two energy storage systems available. 
The first of these is a battery bank, which allows to act against fluctuations in the power 
balance, so it acts as a short/medium-term energy storage system. In addition to the above, the 
direct connection of the battery bank to the internal DC bus causes the voltage of DC bus to be 
stabilized within the operating range of the battery bank, without the need of using additional 
bidirectional converters that could complicate the control of the system. 
As a long-term storage system, hydrogen-based subsystems are used, consisting of an 
electrolyzer as hydrogen production system, a fuel cell as an electrical production system, and 
storage tanks based on physical and chemical storage, with the aim of storing the hydrogen gas 
production. 
The architecture of the renewable energy sources-based smart grid with hydrogen as 
backup installed at the University of Huelva is shown in Figure 3.1.  
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Figure 3.1. UHU Smart Grid architecture 
In the following sections, each of the devices that compose the smart grid will be briefly 
described, as well as all the monitoring, power and control electronics for its management, 
developed specifically in the framework of the Thesis. 
3.1.1. Renewable generation 
The renewable generation is represented by photovoltaic generation, composed of three 
photovoltaic arrays of Monocrystalline, Polycrystalline and Thin film technology. 
The power of the three photovoltaic fields is similar (5 kWp) and the assembly has been 
carried out under the same premises of tilt angle, with the aim of being able to evaluate the 
behaviour of the three technologies under the same conditions of solar radiation and ambient 
temperature. 
In the case of the Monocrystalline technology photovoltaic field, 20 units, ISF-250 model 
panels from the ISOFOTON manufacturer are available, with a maximum power of 250 Wp, 
Figure 3.2. 
The Polycrystalline technology photovoltaic field consists of a total of 50 panels model A-
230P from the manufacturer ATERSA, with a maximum power of 230 Wp, Figure 3.2. 
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Finally, the Thin film technology photovoltaic field is composed of a total of 50 SCHOTT 
PROTECT ASI 100 panels from the manufacturer SCHOTT Solar AG, with a maximum power 
of 100 Wp, Figure 3.2. 
a) 
 
b) 
 
Figure 3.2. a) Monocrystaline and Polycrystaline solar panels. b) Thin film solar panels 
With the objective of guaranteeing the maximum use of solar production, as well as the 
correct integration in the DC bus, a power converter has been developed that implements a 
Maximum Power Point Tracking algorithm (MPPT) for each of the technologies. The detailed 
description of the developed converter is studied in section 3.2.1. 
In order to evaluate the behaviour of the controller on a first experimental phase, this Thesis 
will only use the photovoltaic field of Polycrystalline technology, due to its better performance in 
the field compared to Monocrystalline and Thin film technologies. 
3.1.2. Battery Bank 
As a short-term energy storage system, there is an AGM lead acid battery bank, consisting 
of 30 units connected in series. Each battery is model UP100-12 of 12 V and 100 Ah from the 
manufacturer U-POWER, Figure 3.3a. The battery bank has a rated voltage of 360 V and an 
energy storage capacity of 36 kWh, Figure 3.3b. 
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a) 
 
b) 
 
Figure 3.3. Detail of the battery bank. a) UP100-12 single battery. b) Battery bank 
As mentioned in previous sections, the battery bank is directly connected to the DC bus, 
which allows the stabilization of the bus voltage without the need of power converters or auxiliary 
control algorithms. On the other hand, the direct connection requires a more complex control 
system, in order to guarantee safe and efficient charging and discharging conditions. 
3.1.3. Alkaline electrolyzer 
As hydrogen production system, there is an alkaline technology electrolyzer with a 
production capacity of 2 Nm3/ h, and a rated power of 10 kWp, manufactured by Nitidor, Figure 
3.4. 
a)  
 
b) 
 
Figure 3.4. a) Electrolyzer control cabinet. b) Alkaline Electrolyzer 
Although the electrolyzer has all the power and control electronics for its operation, it is 
necessary to include the connection between the power converter of the equipment with the DC 
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bus. For all these reasons, and in order to validate the behaviour of the controller in this first phase 
of development, in this Thesis, the alkaline electrolyser will be modelled by a load profile 
programmed into the system considering the minimum power and dynamics constraints. 
3.1.4. Fuel cell 
With the objective of producing electrical energy from hydrogen generated by electrolyzer, 
the smart grid includes a FC1020 fuel cell module composed of three stacks in parallel. Each 
stack is built from 80 PEM cells with a nominal power of 3.4 kWp from the manufacturer 
BALLARD, Figure 3.5. In this case, the rated power of the fuel cells, considering the converter, 
will be limited to 2 kW, in such a way that a safe operating range is allowed, considering the 
operating performance of the converter, as well as the degradation suffered by the use. 
a) 
 
b) 
 
Figure 3.5. a) PEM fuel cell stack. b) PEM fuel cell module 
Despite presenting a greater complexity in the control, the proposed parallel topology of 
the fuel cell module allows in the first instance adapting the generation and guaranteeing 
redundancy in the system in the event that some stack suffers a critical failure. In the same way, 
the possibility of selecting the stack to put in work allows distributing the operating time, and 
therefore guaranteeing a homogeneous degradation in the fuel cell module, that is, a modular 
structure help to prolong the useful lifetime.  
Attending to the hydrogen management, the fuel cell module has all the necessary balance 
of plant (BoP) and associated control according to the manufacturer's specifications. The 
developed control electronics are studied more in detail in sections 3.2.3 and 3.2.4. 
Similarly, for the correct connection of each fuel cell stack to the DC bus, a power DC/DC 
converter has been developed, see section 3.2.2. 
In order to validate the behaviour of the energy management system, in the first phase 
studied in this Thesis, only one fuel cell stack will be used as an electric generation system. 
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3.1.5. Hydrogen storage system 
Attending to the storage of the hydrogen generated by the electrolyzer, there are two types 
of storage, low-pressure tank and metal hydrides tank. 
The low-pressure tank model LPS1000H from the manufacturer LAPESA has a nominal 
capacity of 1 Nm3 and a design pressure of 30 bar, Figure 3.6a. The function of this tank is to 
serve as a hydrogen storage system in the first instance, as well as buffer between the electrolyzer 
and the metal hydride tanks.  
a) 
 
b) 
 
Figure 3.6. a) LPS1000H low-pressure tank. b) HB5000 & HB1500 metal hydrides tanks 
In second instance, there is a hydrogen storage system based on metal hydrides tanks, being 
a chemical principle storage system. The metal hydride storage system consists of a total of four 
tanks, two tanks model HB5000 with nominal capacity of 5 Nm3 and a maximum charge pressure 
of 15 bars, and two tanks model HB1500 with nominal capacity of 1.5 Nm3 and a maximum 
charge pressure of 15 bars, both from the manufacturer LABTECH, Figure 3.6b. 
To guarantee a charging and discharging process that maximizes the storage capacity of the 
metal hydride tank, it is necessary to manage the charging and discharging temperature in order 
to maximize the storage capacity. 
In response to the management of the metal hydride system, the entire balance of plant is 
available, which guarantees a safe charging and discharging process. Analogously, taking into 
account the thermal constraints, a water-cooling circuit is available, Figure 3.7, which allows 
guaranteeing the optimum temperature conditions required for the charging and discharging 
processes. 
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Figure 3.7. Water cooling system 
The consumption of the refrigeration system will not be considered as another load of the 
system. Likewise, it will not be considered a difference in the treatment of two hydrogen storage 
tanks, being modelled as a single deposit of nominal capacity calculated as the addition of the 
individual capacities. 
3.1.6. Electrical grid 
In the specific application, the use of the electrical grid is crucial to guarantee a technical 
and economic optimization of the complete system. In the current topology, there is a commercial 
three-phase solar inverter of 12 kWp model Sunny Tripower 12000TL-20 from the SMA 
manufacturer, Figure 3.8, adapted through a hardware and software reconfiguration to guarantee 
the extraction of energy directly from a bus supported by the battery bank. The adaptations are 
represented by the inclusion of a previous pre-charge stage and the implementation of an input 
voltage tracking algorithm as opposed to the MPPT algorithm used for the connection of solar 
panels. 
To model the power input from the grid to the system, a programmable 15 kWp power 
supply model SGA 600/25 from the manufacturer AMETEK will be used, Figure 3.8. The source 
is directly connected by an anti-return diode. 
a) 
  
b) 
 
Figure 3.8.SMA power inverter (left) and Programmable power supply (right) 
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The control of both systems is done remotely through the SCADA system, allowing to 
impose the desired power condition based on the current bus voltage and a working current set-
point. 
3.1.7. Load 
The demand profile will be modelled at all times as a DC consumption, imposed at all times 
by a load demand whose profile is defined by means a programmable load of 10 kWp model 
5VP10-32 of the manufacturer Adaptative Power Systems. 
As previously mentioned in section 3.1.3, the electrolyzer consumption profile will be 
modelled by the programmable load according to its response dynamics and the constraints 
imposed by the control problem. 
3.2. Power and control electronic 
In order to integrate all the power sources, as well as carry out the necessary control actions 
to guarantee the operation point set by the response of the developed MPC controller, it is 
necessary to use power and control electronics specifically designed for the application. 
Due to the chosen topology for the battery integration based on direct connection, together 
with the non-standard high DC bus voltage, as well as the particularity associated with the control 
and management of electrochemical systems, such as the fuel cell, it has not been possible to find 
commercial solutions that respond to the needs. For all these reasons, it was necessary to the 
design and development of all the power, control and monitoring electronics necessary to 
guarantee the operation of the Smart Grid. 
3.2.1. Boost converter for solar panels integration 
In order to guarantee the maximum power extraction, as well as the correct integration of 
renewable generation, a DC/DC power converter stage has been designed for each PV array. The 
developed DC/DC converter has a boost topology and implements a MPPT system based on the 
Perturbation and Observation (P&O) algorithm, Figure 3.9.  
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Figure 3.9.- Boost PV-converters prototype and final installation 
Each power converters consists of two converters of 2.5 kWp in parallel in interleaved 
operating mode, with the aim of reducing current ripple at the input and the associated sizing, 
Figure 3.10. 
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Figure 3.10.- Interleaved boost converter for PV array 
In response to the management system, the power converter implements all the protections 
and pre-charge management in order to guarantee a safe operation within the operating range of 
the DC bus. To do this, the converter has the ability to detect system errors, and acts accordingly 
to prevent equipment malfunction. In this sense, the main errors are given by over voltage in the 
DC bus, as well as the operating temperature of the equipment. In case of low input voltage, the 
system allows the physical disconnection of the panels and its reconnection when a minimum 
open circuit voltage condition is reached again. 
3.2.2. Push-pull converter for fuel cell system integration 
For the correct integration of fuel cell system into the smart grid, it is necessary to use a 
DC/DC power converter, which guarantees on the one hand the high conversion ratio required for 
the application; and on the other hand, establish the power set-point calculated from the MPC 
controller. 
Due to the high conversion ratio required (≈10), the use of non-isolated boost topologies 
are completely discarded, due to the real impossibility of reaching these elevation ratios with 
acceptable control capacity and operating performance. Within the isolated topologies, and due 
to the high working power, only the Push-Pull and Full-Bridge topologies guarantee a high 
operating efficiency. 
For the specific application, a voltage feed Push-Pull isolated topology converter of 2.5 
kWp has been developed, with an output power tracking performed through a PID controller, 
Figure 3.11 and Figure 3.12. The converter has the ability to detect system errors, and acts 
accordingly to prevent equipment malfunction. In this sense, the main errors are given by over 
voltage in the DC bus, low operating voltage of the fuel cell, as well as the operating temperature 
of the equipment itself. 
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Figure 3.11. Push-Pull FC-converter prototype 
 
Figure 3.12. Push-Pull converter topology for Fuel Cell system 
3.2.3. Fuel cell Balance of Plant 
In order to guarantee the correct production of energy by means of fuel cell system, it is 
necessary to guarantee a correct hydrogen supply, a correct air flow for temperature control and 
the satisfaction of the stoichiometric coefficient, as well as a correct management of the purges in 
function from the current polarization point. In short, it is necessary to ensure the correct operation 
of the entire Balance of Plant (BoP) associated with the fuel cell system. 
The proposed BoP is based on the manufacturer's recommendations, Figure 3.13. In the 
first instance, there is a hydrogen supply line, controlled and monitored from a supply valve and 
a pressure sensor respectively. To control the air flow, there is a fan with controlled speed which 
is set according to the optimal operating temperature provided by the manufacturer, based on a 
PID controller. Finally, a purge valve is available, which allows controlled purging in time 
depending on the operating power. 
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Regarding the electrical connection, the fuel cell is connected directly to the power 
converter through an anti-return diode and a cut-off relay, in order to isolate the fuel cell in case 
of malfunction. 
Finally, taking into account the safety of the system, a hydrogen sensor is available, with 
the aim of detecting possible hydrogen leaks, allowing the quick stopping of the fuel cell. 
 
Figure 3.13. Balance of Plant 
For the management of the fuel cell module (3 stacks), a control electronics has been 
developed, Figure 3.14, which allows managing their respective plant balances. The control 
electronics developed allows, in the first instance, managing the three stacks independently, 
operating the fuel cell system according to its working conditions. Likewise, it allows the early 
detection of any problem associated with the malfunction of the fuel cell system, due to the 
measurement of the chemical parameters (hydrogen leakage), physical (supply pressure and 
temperature), as well as electrical (voltage and operating current). In these cases, the controller 
acts to isolate electrically the fuel cell from the electrical load and the hydrogen supply in order 
to ensure safety in its operation. 
Chapter 3: Materials 
 
59 
 
 
Figure 3.14. Fuel cell BoP control electronic 
3.2.4. Cell Voltage Monitoring system 
In order to detect and quantify the degradation associated with the operation of the fuel 
cell, an individual cell monitoring system (CVM All in One) has been developed. This monitoring 
electronics allows, on the one hand, the measurement of the individual cell voltage, as well as 
quantifying the degradation associated with each polarization point, thanks to the measurement 
of the current and working temperature, Figure 3.15. 
The implementation of the CVM allows identifying the loss of performance of the fuel cell, 
due to the malfunction of any particular cell; and on the other hand, it allows quantifying the real 
degradation ratio of the fuel cell.  
  
Figure 3.15. CVM All in One prototype 
Associated to the developed hardware, a software tool is presented, which allows the use 
of the equipment based on the "plug and play" philosophy, Figure 3.16. This tool allows the real-
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time representation of individual cell voltages, operating polarization point and working 
temperature. 
a) 
 
b) 
 
c) 
 
Figure 3.16. CVM All in One Software tool. a) Example of bar graph interface. b) Example of real time 
plot interface. c) Example of polarization point representation 
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3.3. Monitoring and control software SCADA 
In order to monitor, control and manage the complete smart grid, a SCADA system has 
been developed on the LabVIEW® platform, in which all the system parameters are centralized, 
and each device is individually controlled. 
The developed SCADA system allows visualize quickly the operating status of the smart 
grid, as well as to identify any type of malfunction associated with any device. 
From the main screen of the system, Figure 3.17, it is possible to control the start and stop 
of each device, as well as the navigation between the different windows related to the control and 
monitoring of the whole generation system. 
 
Figure 3.17. SCADA main window 
Attending to the control of the developed power converters, the SCADA system allows 
controlling the start-up and stop actions, as well as the graphic representation of the electrical 
parameters, Figure 3.17 and Figure 3.18. In accordance with the security philosophy implemented 
in all the equipment, the SCADA system allows the user to show all the information based on the 
current status of each device, and in case of error, what anomaly causes it. 
a) 
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b) 
 
Figure 3.18. a) SCADA tab for PV-converter. b) SCADA tab for FC-converter 
In case of management of the fuel cell BoP, the control electronics are monitored through 
the SCADA, which allows the visualization of the main operating parameters of the system, 
allowing visual identification of any malfunction in the system, Figure 3.19. 
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Figure 3.19. SCADA tab for Fuel cell BoP management  
Finally, the SCADA system allows the real-time visualization of the control system. The 
proposed graphic representation allows identifying quickly the input and output parameters of the 
plant and the controller based on the typical representation of the control loop of an MPC 
controller, Figure 3.20. 
Additionally, the most relevant information of the current state of the system is available 
based on the technical and economic parameters that define the multi-objective function of the 
optimization problem. 
 
Figure 3.20. SCADA tab for MPC Control 
Finally, there is a window in which the time evolution of all the electrical variables of the 
system is represented, Figure 3.21, in such a way that any anomaly can be identified, as well as it 
allows to test different energy management strategies into the smart grid. 
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Figure 3.21. SCADA screen for Electrical variables representation  
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Chapter 5. General conclusions 
The experimental research comprising this Thesis has allowed obtaining several major 
highlights and conclusions that are described hereinafter: 
Every day it becomes more evident that there is a need to migrate from a centralized electric 
model to a distributed model. Distribution systems based on fossil fuels require importing 
resources and producing pollution. Migration models based on renewable energies will allow 
generation of a low level of emissions and less dependence on oil. 
Attending to the concept of Smart Grid, these systems are closely related to the use of 
renewable generation systems. Despite the benefits of this technology, its dependence on 
environmental resources makes it impossible to guarantee the energy balance between generation 
and demand at all times. For this, the hybridization of systems is shown as a technical and viable 
solution to solve or mitigate the problems associated with this type of technologies. In the 
hybridization task, the use of different types of energy storage systems like battery and hydrogen-
based system is promising solution. Hydrogen-based storage systems usually faces more stable 
power imbalances and, consequently, acts as a long-term storage system. 
The use of this type of hybrid systems poses a complexity in terms of energy management 
due to the high number of parameters and factors to be taken into account in order to guarantee 
optimum energy distribution, depending on the application and the energy status of the system. 
In this sense, certain aspects associated with the current operation of the systems, such as 
the system topology, the need for a battery charge voltage controller, the degradation of the 
equipment, the hydrogen-based system dynamics, the systems losses associated with the working 
point, or parameters related to the quality of the electricity supply must be considered. 
In order to ensure a proper operation mode of hybrid systems based on renewable energy, 
guaranteeing demand and increasing system performance, it is necessary to use energy 
management strategies. This leads to the need of a control system to manage the energy supplied 
by each source, ensuring safe operation and fulfilling the design objectives. This control system 
must be based on a proper energy management strategy that guarantees the load supply, increases 
the lifetime of the elements, reduces the operating costs, and therefore maximizes the system 
performance, providing a technical and economical feasible solution. According to above, the 
design criteria of these strategies will determine the behaviour of the whole system, so it is very 
important to define a proper energy management strategy. 
There is a large amount of scientific literature in which different solutions are presented 
regarding energy management algorithms aimed at controlling this type of systems. 
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Depending on the type of algorithm used, the different solutions can be included in three 
clearly differentiated groups; methods based on heuristic techniques, where the use of hysteresis-
based strategies prevails; methods based on artificial intelligence; and methods based on 
optimization algorithms and multiobjective problem solving. 
Within the last group, and with high growth in the last decade, the use of model-based 
predictive controllers (MPC) stands out. The advantages over other types of techniques are clear; 
it allows the use of multivariable control techniques, allowing solving multiobjective constrained 
optimization problems, as well as implementing a control strategy based on a prediction horizon, 
which allows the system to adapt the response of the controller based on future events, improving 
the system response to merely passive control techniques. 
For the design and use of predictive control techniques, it is crucial to have an accurate 
model of the micro grid that allows having enough knowledge about it to design and analysis the 
controller. In this sense, the particularity and high complexity of the models widely used in the 
scientific literature, makes the process of designing controllers oriented to the implementation of 
management strategies a complicated task.  
With the aim of simplifying the modelling task and centralizing design efforts exclusively 
at the level of supervision and management of the system, this Thesis presents a methodological 
foundation to obtain a generalized model of the whole micro grid. The modelling methodology 
used is based on the operating philosophy of an EMS, developing a general formulation based on 
the operating powers of each device, according to the main parameters of the plant, which allows 
a sufficient level of abstraction for its generalization and use in any other micro grid with a similar 
configuration, regardless of technology, or working power range of the equipment used. 
The proposed discretized state-space model includes all the necessary parameters for the 
control of a real plant, including the terms associated with the energy status of the system, battery 
operating voltage, as well as technical and economic parameters, such as degradation, losses or 
operating cost, in order to define a system cost function that allows its generality for any type of 
application or design criteria. This general model extended to all the operating range of the micro 
grid and guarantees a better approximation with respect to those models mostly used in the 
scientific literature because those one are linearized systems around a single operating point. 
The features of the generalized model obtained from the proposed methodology (model 
based on the entire operating range of each device and inclusion of the technical and economic 
parameters) help to define multi-objective optimization problems, as well as serving as a 
knowledge base in the design and implementation of model-based controllers. 
The experimental results on each device and on the complete hydrogen-based micro grid 
allow validating the correct behaviour of the proposed model under long-term simulations.  
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Despite the large number of works that explore the use of predictive control techniques for 
applications similar to the one presented, it is important to emphasize that the vast majority is 
focused on simulation works, which obviates certain important parameters related to real system 
management, such as the control of battery charging voltage, necessary to guarantee a safe and 
efficient operation of the batteries. On the contrary, those experimental works make use of simple, 
linearized models around a single work point, which has a negative impact on the quality of the 
model, and therefore on the response of the controller. 
Although different works can be found in which the theory of predictive control is applied 
to hydrogen-based micro grids, most present particularized solutions for the topology and 
application in question, greatly hindering their dissemination and reproduction in other cases. 
These works present particular solutions, which focus on the short-term operation of the plant, 
ignoring certain technical-economic criteria, crucial for the optimization and operation of real 
plants, both short and long term. 
In order to respond to the lack of general solutions based on predictive control applied to 
renewable sources-based micro grid, this Thesis presents a methodological foundation to design 
a MPC controller that can be applied to renewable sources-based micro grid with hydrogen as 
backup. The methodology is universal enough that it can be used independently of the micro grid 
topology.  
The resolution of the multi-objective optimization problem has been carried out through 
the use of a generalized quadratic cost function, whose weighting factors have been calculated 
taking into account the role of each device in the micro grid, and technical and economic 
parameters based on the performance of the real devices, including considerations related to 
battery charging strategy, system performance, operating degradation or system cost in 
accordance with the selected topology and application both in the short and long-term. 
The intrinsic difficulty in optimizing the multi-objective functions as well the high number 
of parameters to be optimized make the tuning process a highly complex task. Although there is 
no mathematical method to calculate the weighting factors, because they depends strongly on the 
micro grid topology and final application, different cause-effect relationships have been explained 
and guidelines have been given that facilitate the tuning process.  
Similarly, in order to consider the short and long term optimization of the system, limited 
by the concept of the sliding horizon related to predictive control techniques, additional control 
techniques are used, which act directly on the process tuning of the controller parameters. In this 
sense, based on the history of the system, the parameters of the controller are recalculated, if 
necessary, acting directly on the weighting parameters, in such a way that it allows adapting the 
dynamic response or energy distribution according to the controller design criteria. 
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The results obtained in the simulation and practical cases show the validity of the model 
and tuning methodology of the MPC controller offering a powerful tool to other researchers in 
the tasks of designing, controlling and managing micro grids with renewable generation and 
hydrogen as an energy vector. 
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